High-pressure (0.8 gigapascals) granulite facies garnet from Gore Mountain, New York, hosts multiple solid inclusions containing the low-pressure silica polymorph cristobalite along with albite and minor ilmenite. Identification of cristobalite is based on Raman spectra, electron microprobe analysis, and microthermometric measurements on the ␣/␤ phase transformation. The cristobalite plus albite inclusions may have originated as small, trapped samples of hydrous sodium-aluminum-siliceous melt. Diffusive loss of water from these inclusions under isothermal, isochoric conditions may have resulted in a large enough internal pressure decrease to promote the metastable crystallization of cristobalite.
High-pressure (0.8 gigapascals) granulite facies garnet from Gore Mountain, New York, hosts multiple solid inclusions containing the low-pressure silica polymorph cristobalite along with albite and minor ilmenite. Identification of cristobalite is based on Raman spectra, electron microprobe analysis, and microthermometric measurements on the ␣/␤ phase transformation. The cristobalite plus albite inclusions may have originated as small, trapped samples of hydrous sodium-aluminum-siliceous melt. Diffusive loss of water from these inclusions under isothermal, isochoric conditions may have resulted in a large enough internal pressure decrease to promote the metastable crystallization of cristobalite.
Cristobalite is a low-density SiO 2 polymorph. Its high-temperature form (␤-cristobalite) is cubic and is stable between 1470°a nd 1728°C at a pressure of 1 atm (1). However, it can persist metastably to much lower temperatures, and at ϳ250°C experiences a displacive phase transformation to a tetragonal form (␣-cristobalite). Cristobalite has been described from low-pressure environments, such as volcanic rocks of various composition (1), fulgarites (1), deep-sea cherts (2) , shallow-contact metamorphic rocks (3) , and low-temperature, hydrothermal precipitates (4) . In most of these cases, cristobalite forms metastably, at temperatures below its stability field. Here, we describe and interpret an occurrence of cristobalite in high-pressure (0.8 GPa), granulite facies garnet from a Middle Proterozoic (1.06 ϫ 10 9 years ago) metabasite. The cristobalite occurs inside the large, almandine-pyrope garnets of the Barton Mine on the north slope of Gore Mountain, in the south-central Adirondack Highlands of New York. It occurs exclusively in multiple solid inclusions containing albite and a minor amount of platy, hexagonal ilmenite. The cristobalite contains numerous fractures, the number of which is directly related to crystal volume. Many of the cristobalite-bearing inclusions are elongated, rod-or bladelike; others are irregular or circular (Fig. 1) . The largest bladelike inclusions range from 3 to 10 m in width, 20 to 80 m in length, and 2 to 4 m thick. Each inclusion has a relatively consistent phase ratio approximating 50 to 65% by volume cristobalite, 30 to 45% albite, and 5% ilmenite (Fig. 1) . The inclusions are widely disseminated in garnet and are interpreted to be of primary origin. Other solid and multiple solid inclusions in Gore Mountain garnet include (i) albite ϩ ilmenite, (ii) albite, (iii) ilmenite, and (iv) rutile.
We identified cristobalite by observing its phase behavior as inclusions were heated through the ␣/␤ transformation. Between 260°and 270°C, the fractures in cristobalite sequentially closed, with each fracture closing instantly. After closure, the fractures were nearly invisible (Fig. 1) . The closing of fractures is attributed to the 5% volume increase associated with the displacive phase transformation to ␤-cristobalite (5). Also, in high-intensity, cross-polarized light, the thickest cristobalites (3 to 4 m) showed an instant change from first-order dark gray (weakly anisotropic) to black (isotropic), a characteristic of the tetragonal (␣) to cubic (␤) transformation. Upon cooling, the same fractures reopened between 240°and 250°C. This hysteresis is also characteristic of the ␤-to ␣-cristobalite phase transformation (6, 7) . Hysteresis measurements on 24 cristobalites averaged 19.5°Ϯ 2.9°C (1), a value in agreement with experimental data (6) . The transformation temperatures also indicate that pressure inside the inclusion was less than 0.01 GPa (8) .
We also analyzed the composition of the inclusions by electron microprobe. However, because the cristobalite is small and of low density, it was nearly impossible to obtain an analysis that was not affected to some extent by the surrounding garnet, even at accelerating voltages as low as 8 kV. Our best analysis yielded 97.0% SiO 2 (Fig. 2) at 25°C (9) . The occurrence of cristobalite in granulite facies garnet raises two questions. First, did the cristobalite form within its stability field or at granulite facies? Second, if formed under the latter conditions, what mechanism could allow for the formation of a low-density silica polymorph?
The exceptionally large (10 to 100 cm across) garnet hosts at Gore Mountain are thought to have formed as a result of porphyroblastic growth aided by the local influx of water (source unknown) into an olivine gabbro protolith (10) . The added water reacted with orthopyroxene, olivine, and plagioclase to form garnet, par- 
albite silica Reaction 1 is consistent with the composition of garnet porphyroblasts and amphibole "rims" at Gore Mountain, as well as the presence of albite ϩ free silica inclusions in the garnet. Although cristobalite can stably exist to temperatures as low as 1167°C at pressures of 0.15 GPa (11), it is unlikely that reaction 1 occurred within the stability field of cristobalite (Fig. 3) . If it had, the cogenetic and enclosing garnet must have also formed within the cristobalite stability field, but in metabasic compositions, garnet becomes stable only at pressures greater than about 1.3 GPa at these temperatures (12) (Fig. 3) . Furthermore, pargasite is unstable within the cristobalite stability field (13) (Fig. 3) .
The peak of granulite facies metamorphism in this area of the Adirondacks occurred at temperatures of 800°C and pressures of 0.8 GPa (14, 15) , conditions near the ␣/␤ quartz phase transformation (11, 16) (Fig. 3) . (2) where the albite and silica products in reaction 1 melt in the presence of excess water to provide the melt phase in reaction 2. The formation of hydrous Na-Al siliceous melt by reaction 2 would reasonably occur under physical conditions of granulite facies because the water-saturated, albite-silica solidus is at 673°C at 0.8 GPa (17) (Fig. 3) .
Small samples of such melt would have been trapped in garnet during porphyroblastic growth. Because of the high tensile strength and low thermal expansivity and compressibility of garnet (11), such melt would crystallize under virtually constant volume (isochoric) conditions. Under isochoric conditions, various processes can lead to a decrease in internal (inclusion) pressure, thus creating potential conditions in which a low-density silica phase could crystallize. In the case of Gore Mountain garnet, we propose that isothermal (800°C), diffusive loss of water from the inclusions was the primary mechanism that resulted in a pressure decrease. More specifically, water loss results in a bulk density decrease in the inclusion, which under isochoric conditions must result in a pressure decrease. The net result of this process is a melt that reaches the ternary eutectic in the NaAlSi 3 O 8 -SiO 2 -H 2 O system, which at 800°C occurs at a pressure of 0.1 GPa (17).
Although not near the cristobalite stability field, these conditions nearly approach (18) the stability field of tridymite (Fig. 3) , a silica polymorph with a nearly identical structure and density. The reason why metastable cristobalite formed instead of tridymite is unknown; however, (i) melting experiments in the dry NaAlSi 3 O 8 -SiO 2 system always yield cristobalite within the tridymite stability field (19) , and (ii) small decreases in the activity of tridymite result in substantial expansion of the cristobalite stability field in the direction of decreasing temperature (11) . The diffusive loss of water out of the inclusions most likely occurred during the peak stages of Adirondack granulite facies metamorphism when the water activity outside the garnet was substantially reduced (10) . The rapid diffusion of the hydrous component in garnet has been recently documented at similar temperatures (20) . The melt origin is supported by the observation that cristobalite has been recognized only in multiple solid inclusions with a relatively consistent ratio of cristobalite to albite to ilmenite. The ubiquitous presence of ilmenite suggests that it too was a melt component, although a minor one. The presence of solid albite, ilmenite, and albite ϩ ilmenite inclusions in the garnet suggest the melt was trapped while located on an albite ϩ ilmenite cotectic in the quaternary NaAlSi 3 O 8 -SiO 2 -FeTiO 3 -H 2 O system. If this were the case, however, the composition of the inclusions should be more albiterich, to be consistent with experimental data on cotectic compositions in the pure NaAlSi 3 O 8 -SiO 2 -H 2 O system (17) . However, the extent to which cotectic compositions are affected by the presence of FeTiO 3 , Fe 2 O 3 , and CaO melt components is unknown. Also, our interpretation requires that garnet be able to maintain a pressure differential of 0.7 GPa (at 800°C) between very small inclusions and the outside of the garnet. This requirement is supported by results of synthetic fluid inclusion studies in quartz that demonstrate that high pressure differences can be maintained over small distances at high temperature in the Fig. 3 . Pressure-temperature diagram showing stability fields for silica polymorphs (11, 16) and liquid (1), garnet in basaltic compositions (12) , pargasite (13), albite ϩ quartz hydrous melt (17) , and peak conditions of Adirondack metamorphism (14, 15) . Dashed lines show inferred PT paths of melt inclusions at peak metamorphic conditions (this study) and surrounding rocks after peak metamorphic conditions (15).
Fig. 2.
Raman spectra of (A) cristobalite in multiple solid inclusion in garnet from Gore Mountain (sample GM-7) (Fig. 1, A and B) , (B) natural cristobalite from Glass Mountain, Coso Range, California (Smithsonian Museum specimen 136598), (C) synthetic cristobalite from (9) , and (D) natural ␣-quartz for comparison. Gore and Glass Mountain cristobalites and ␣-quartz were analyzed on a Dilor XY, Raman spectrometer with the 514.5-nm line of an Argon-ion laser and an 80ϫ microscope objective at the Vibrational Spectroscopy Lab, Virginia Polytechnic Institute and State University, Blacksburg, Virginia.
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It is remarkable that the cristobalite was able to resist reconstructive transformation to ␤-quartz during denudation and cooling of the rock, considering that the Adirondack Highlands cooled at a rate of Ϫ1.5°C per million years after the peak of granulite facies metamorphism, staying at temperatures in excess of 600°C for 100 million years (23) . The cristobalite may have survived because of the absence of water, which serves to catalyze reconstructive transformation. Water may not have had access to these rocks until mid-to upper-levels of the crust were reached during uplift, but it is unlikely that significant diffusion of water back into the garnets occurred at these temperatures. The absence of water was also suggested to explain the preservation of coesite inclusions in garnet (and other phases) from ultrahigh-pressure rocks (24, 25) . The preservation of cristobalite in rocks cooled slowly from high temperature implies that, in the absence of water, the activation energy for the ␤-cristobalite to ␤-quartz transformation is high. Ocean microstructure data show that turbulent mixing in the deep Brazil Basin of the South Atlantic Ocean is weak at all depths above smooth abyssal plains and the South American Continental Rise. The diapycnal diffusivity there was estimated to be less than or approximately equal to 0.1 ϫ 10 Ϫ4 meters squared per second. In contrast, mixing rates are large throughout the water column above the rough Mid-Atlantic Ridge, and the diffusivity deduced for the bottom-most 150 meters exceeds 5 ϫ 10 Ϫ4 meters squared per second. Such patterns in vertical mixing imply that abyssal circulations have complex spatial structures that are linked to the underlying bathymetry.
Spatial Variability of Turbulent
An outstanding question in oceanography is the intensity and spatial distribution of turbulent vertical mixing in the deep sea. Beyond affecting the dispersal of naturally occurring and anthropogenic substances, mixing relates through the buoyancy (heat) equation (1) and vorticity dynamics (2) to the intensity of upwelling and the horizontal circulation in the abyss. The rate of turbulent mixing at depth has previously been inferred from advective heat budgets constructed for deep, semi-enclosed basins (3, 4) . These studies report vertical diffusivity values (K) between 1 ϫ 10 Ϫ4 and 10 ϫ 10 Ϫ4 m 2 s
Ϫ1
: one to two orders of magnitude greater than values deduced for the upper ocean interior from ocean microstructure data (5) and a tracer experiment (6) , and from limited deep observations away from boundaries (5, 7, 8) . Those few deep-ocean microstructure observations near rough bathymetry suggest that mixing there is much enhanced (8, 9) . To further examine the intensity, spatial distribution, and mechanisms of mixing in the deep ocean, we initiated a joint physical oceanographic and tracer study in the Brazil Basin of the South Atlantic Ocean. This area was chosen because a diffusivity estimate based on an abyssal heat budget was available for this region (3) and extensive data have recently been collected there as part of the World Ocean Circulation Experiment.
We made physical observations with a freely falling instrument, the High Resolution Profiler (HRP) (10) . This device returns temperature, salinity, and horizontal velocity information as a function of depth, along with dissipation estimates of turbulent kinetic energy and temperature variance. We infer turbulent diffusivity from the dissipation estimates, using models that assume a balance between turbulent production and dissipation (11) . An independent technique we used to study mixing involves tracking an inert chemical tracer that is injected on a deep density surface. We used SF 6 , a weakly soluble compound detectable in sea water at concentrations of 10 Ϫ16 M (12). Time-averaged estimates of diapycnal diffusivity inferred from observations of the tracer's vertical dispersion can be compared to the more instantaneous diffusivity estimates for temperature and buoyancy deduced from microstructure data.
During a cruise of the R/V Seward Johnson from January to February of 1996, we occupied 75 stations with the HRP at sites ranging between the 3900-m isobath off the coast of Brazil and the western flank of the Mid-Atlantic Ridge (MAR; Fig. 1 ). Most of the profiles reached to within 30 m of the bottom. The resulting microstructure observations reveal a deep-ocean mixing pattern that appears to be correlated to the underlying bathymetry (Fig. 2) 
